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The NO2 sensing properties and operational mechanism of the hybrid formed 
from poly(3-hexylthiophene) (P3HT) and zinc oxide-graphene oxide (ZnO@GO) 
nanoparticles were investigated. We prepared graphene oxide (GO) and zinc oxide (ZnO) 
core-shell nanostructured particles with ionic aggregation. Gas sensors were fabricated by 
spin coating a mixture of P3HT with ZnO@GO on oxide-coated silicon wafers leading to 
formation of organic field-effect transistors (OFETs). The NO2 sensing properties of the 
obtained devices were investigated at room temperature. By means of observing 
conductance changes before and after exposure to NO2, it was demonstrated that the 
hybrid of P3HT with 60 wt% ZnO@GO composites exhibits 210% sensing response to 
5ppm NO2 gas exposure for 5min at room temperature. The sensing mechanism included 
a contribution from the hybrid that was not observed from pure P3HT or by adding either 
ZnO or GO alone. 
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Nitrogen dioxide (NO2) is well known as a poisonous and corrosive gas, harming 
the environment and causing health disorders. With the development of industry and 
transportation systems, NO2 has been mass produced and released into the environment 
mostly as a result of fuel combustion.1-6 Therefore, the detection and control of NO2 in 
the environment are crucial.  
Graphene oxide (GO) and single-wall carbon nanotubes (SWNTs) have long been 
attractive as two-dimensional and one-dimensional materials respectively for carbon-
based electronics and are also promising for chemical sensors because of their high 
carrier mobility, promoting easy observation of changes in resistance after exposure to 
analyte gas.6-8 Furthermore, Seivama et al.9 demonstrated that the electrical conductivity 
of ZnO can be significantly changed by the reactive gases in the air and thus the 
applications of various sizes and shapes of ZnO nanoparticles or nanowires as chemical 
gas sensors have been widely studied, among other metal-oxide semiconductors.10-13  
The sensing mechanism of ZnO NPs and GO is based on the assumption that NO2 
can induce hole density or electron traps.7 ZnO as an n-type semiconductor has a larger 
electron concentration than hole concentration. When ZnO is exposed to NO2, the 
decrease of conductivity of ZnO can be explained by electron trap formation. In the 
meantime, residual epoxy and carboxylic groups in GO act as electron withdrawing 
groups, promoting hole conduction, which is increased on exposure to NO2. 
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Recent work on using a combination of reduced graphene oxide (rGO) and ZnO 
for NO2 gas sensors was published by Galstyan et al.14 In their research, nanostructured 
ZnO was grown on an Al2O3 substrate and then a GO homogenous dispersion was drop 
cast onto the ZnO. It was demonstrated that the response of their rGO/ZnO to 5 ppm NO2 
at 250℃ was 680%, and showed better sensing performance compared to pure ZnO. 
However, their fabrication method would likely result in heterogeneous distributions of 
the rGO and ZnO.  If spin-coating of a mixture of the two had been used, the films would 
still have been non-uniform because centrifugal force would separate ZnO and rGO due 
to their different densities . 
In our work, we utilize an ionic self-assembly method to synthesize ZnO@GO 
nanostructured particles (NPs), keeping the distribution of the two components uniform 
in composites. The ZnO NPs were directly positively charged by using (3-aminopropyl) 
trimethoxysilane (APS). When mixed with GO, the negative charge of residual carboxyl 
groups on GO will interact with positively charged surfaces of ZnO NPs, resulting in GO 
attaching and encapsulating ZnO NPs so that they are not separated by centrifugal force. 
(Fig. S1) 
Due to the high responsiveness of ZnO and GO, their mixtures are attractive for 
sensors, as shown in Table 1. Liu et al.22 reported that ZnO-rGO nanocomposites show a 
sensing response towards 5 ppm NO2 of up to 25.6% at room temperature.  Using other 
oxide materials, it was reported by Li et al.24 that p-n heterojunctions made from SnO2-
SnO enable detection of NO¬2. SnO2 nanoparticles were loaded on SnO nanosheets on a 
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ceramic plate, and showed 19.1% sensing response toward 100 ppm NO2 at 50℃ 
temperature.  
Organic field-effect transistor (OFET) sensors have advantages of high room 
temperature sensitivity, low commercial cost, mass production and mechanical 
flexibility.15 Therefore, many researchers focus on improving OFET sensing properties 
by forming blends and hybrids of high conductivity polymer and inorganic particles, 
because the pores and interfaces created by resulting heterojunctions enable gaseous 
molecules to easily penetrate into the polymer structure and be adsorbed by the 
nanostructured inorganic materials resulting in high sensitivity.4,16 Recent work reported 
by Xie and his co-workers17 utilized P3HT as semiconductor to fabricate OFET devices 
as NO2 gas sensors. It is shown that different thicknesses of P3HT employed in OFET 
devices have different sensing prosperities and the highest sensitivity can reach 120% to 
5% NO2 with thicker film than pure P3HT at room temperature and the sensing 
properties are almost the same as our pure P3HT with similar thickness (Table 1). In 
addition, the mechanism of P3HT detection of NO2 gas is doping P3HT by the oxidizing 
NO2. Prakash et al.11 took advantage of a hemin/ZnO-polypyrrole (PPy) nanocomposite 
for NOx gas detection devices. The results are reported in the form of change in 
resistance with respect to time. The improvement of hemin/ZnO-PPy on Pt electrodes is 
3-fold-enchanced sensitivity toward detection of NOx when comparing to hemin/PPy on 






ZnO nanoparticles were synthesized by following a procedure reported by Alessio 
Becheri and his co-workers.19 This method has advantages of facile synthetic steps and 
large scale production in a short reaction period. Typically, 5.5 g of ZnCl2 (Sigma-
Aldrich) was dissolved in 300 mL deionized water at 90℃ oil bath temperature and then 
3.6 g of solid NaOH (Fisher Scientific) dissolved in 100 mL water was added into ZnCl2 
solution. With appropriate stirring during a period of 1 h at 90℃ temperature, the 
synthesized ZnO nanoparticles were separated from the supernatant by sedimentation and 
washed with deionized water ten times in order to lower the concentration of NaCl. 
Finally, the particles were collected by centrifugation at 2,000 rpm for 30 min and dried 
in a vacuum oven to obtain ZnO NPs as a powder. In order to modify the ZnO NPs 
surface, ZnO NPs (300 mg) were dispersed in water by sonicating, then 1 mL (3-
aminopropyl) trimethoxysilane (APS, Sigma-Aldrich) was added at 80℃ oil bath 
temperature. The washing and collection of ZnO-NH2+ NPs were carried out in the same 
way as ZnO NPs. Graphene oxide (GO) powder was bought from Sigma-Aldrich (15-20 
monolayer sheets). The obtained ZnO (140 mg) and GO (60 mg) were dispersed in 200 
mL and 50 mL deionized water, respectively and then the two well-dispersed solutions 
were mixed. The solution was adjusted to pH≈6 and stirring was continued for 1 h.20 The 
washing and collection procedure of ZnO@GO NPs were the same as for ZnO NPs, but 




The morphologies and EDAX spectra of the ZnO@GO were characterized by 
scanning electron microscopy (SEM, JEOL JSM-6700F). Meanwhile, the morphologies 
of organic field-electric transistor (OFET) sensor devices were investigated by atomic 
force microscopy (AFM, Dimension 3100 with a V Controller). Finally, the OFET 
properties and gas sensing properties of the materials were investigated by using a probe 
station and a Keysight Agilent 4155C analyzer. 
2.3 Fabrication and functional characterization  
Fig.1 is a schematic illustration of the device fabrication procedure. The obtained 
ZnO@GO composites were first dispersed in chlorobenzene (Sigma-Aldrich) with 
concentration of 10 mg/mL in 20 mL vials with sonicating, and poly(3-hexylthiophene) 
(P3HT, Sigma-Aldrich, Mw=15,000~45,000) was also dissolved in chlorobenzene with 
concentration of 10 mg/mL with stirring and heating. Afterwards, ZnO@GO composites 
with weight fraction from 0 to 60% were made under sonicating by mixing various 
volumes of ZnO@GO solution and P3HT solution. Highly p-doped silicon wafers with 
300 nm thermally grown oxide were diced into 1 in. × 1 in. substrates, cleaned by 
immersing in piranha solution more than half hour, sonicated in isopropanol and acetone 
sequentially, and then dried by using forced nitrogen gas. The substrates were further 
modified by exposing to hexamethyldisilazane (HMDS, Sigma-Aldrich) vapor at 100 °C 
for 2 h in a loosely sealed vessel.9 The obtained hybrids of P3HT with different weight 
fraction of ZnO@GO composites were spin coated on as-prepared substrates. The 




The composition of ZnO@GO nanoparticle composites was characterized by the 
EDAX mapping. As shown in Fig. 2, the ZnO@GO NPs are composed of C, O, Zn 
elements, consistent with both GO and ZnO being together in the particles. In addition, 
the peak of Si and Mg elements in EDAX mapping can be regarded as the glass substrate 
on which ZnO@GO NPs sample was prepared. 
 
Figure 2：EDAX Spectrum of ZnO@GO nanoparticles on glass substrate 
In our study, all the sensor devices showed p-type doping response behavior upon 
the exposure to NO2 at room temperature. After exposure to NO2, the conductivity of 
sensors could increase significantly. As shown in Fig. 3, the transfer and output curves of 
OFETs correspond to the typical p-type semiconductor curve with on/off ratios of 10 
with near-saturation. Furthermore, OFET properties of other devices are shown in Fig. S2 





Fig. 4 also reports the sensitivity of the hybrid of P3HT and ZnO NPs with respect to the 
weight fraction of ZnO NPs. At the range of 0~40 wt% of ZnO, the sensitivity is 
essentially the same as for pure P3HT, and at 50 and 60 wt% of ZnO the sensitivity 
decreases compared to previous weight fractions. For large weight fractions of ZnO, ZnO 
is making an opposite sign contribution to electrical conductivity change compared to 
P3HT, resulting in decrease of sensitivity of hybrid devices. Fig. 4 also indicates that the 
sensitivity of hybrid of P3HT and GO has a wave-like curve with respect to the weight 
fraction of GO but which is not outside the bounds of the standard deviations.  
Because the sensing mechanism of P3HT or its composites with only ZnO or GO 
cannot explain the sensing behavior of the hybrid of P3HT with ZnO@GO, atomic force 
microscopy (AFM) was used as a morphology investigation method of the hybrid of 
P3HT and ZnO@GO. Fig. 4 shows the AFM image of hybrid of P3HT and ZnO@GO 
composites before exposure to NO2 (a, b) and after exposure to 5 ppm NO2 for 5 min (c, 
d). It is seen that the apparent volume fraction of ZnO@GO is much larger than the 
volume fraction of ZnO or GO (Fig. S4) at the same weight fraction, leading to short 
distances between particles indicating a possible nearly-connected GO network illustrated 
by the red lines and white dashes in Fig. 4d.  Hence, after exposure to NO2 for 5 min, 
although the volume fraction within the same surface area does not show apparent change, 
the doping effect of NO2 on P3HT that is immediately adjacent to particles reduces its 
resistance and thus bridges particles helping GO form a continuous network. However, it 
is observed by AFM that the distances of P3HT between the other particle clusters (ZnO 
or GO) are much longer than the case of P3HT with ZnO@GO. Therefore, when 
considering the long distance between inorganic particles, P3HT cannot be regarded as 
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bridge in these cases because the doping effect of NO2 on this more bulklike P3HT 
would only lead to 48% change in conductivity. 
 
 
Figure 5：AFM image of P3HT with 60 wt% ZnO@GO: a and b are height image, phase 
image before exposure to NO2 gas, respectively; c and d are height image, phase image 
after exposure to 5 ppm NO2 gas for 5 min, respectively. 
The responses of the sensors toward various times of gas flowing for 5 ppm NO2 
and various concentrations of NO2 for 5 min are also examined. As shown in Fig. 5a, the 
sensitivity increases with increasing exposure time at room temperature.  Fig. 5b shows 
the response curve of the sensor based on P3HT with 60 wt% ZnO@GO hybrids toward 










Fig. S4. AFM image. a hybrid of P3HT with 60 wt% ZnO before exposure to NO2; b 
after exposure to NO2 of a; c hybrid of P3HT with 60 wt% GO before exposure; d after 
exposure of c; e hybrid of pure P3HT before exposure; f after exposure of e. 
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